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IftThODUCTiuL 

Cellulose a&s probably first nitrated, in 1636, by 

r 4L O 

Thecphile-Jules lelouta, w who prepared nitrocellulose by 
dipping paper into concentrated nitric acid, fcarlier, in 1633, 

H. I raccrmot^ had prepared a nitric ester of starch by dissolving 
etaroh in concentrated nitric acid and then diluting it with 
water to precipitate the aster, which h* called "xyloidine". The 
products that Felcuie obtained from paper, cotton and linen wer# 
considered to be identical with the xylcidin© from starch. In 
1846 Pelcuse 0 " cade clear distinction between xyloidine and the 
cellulose ester, which ho called "pyroxylins". In 1645, 

Christian Friedrioh Schonblen at Basal, Germany, used a mixture 
of nitrio acid and sulfuric acid to nitrate cotton. Later that 

Q 

same year liudolf bottger, professor at Frankfort-oc-tne-iain, 
independently prepared guncotton, bchonbien's process, in which 
he used a ratio of one volume of strong nitric aoid (density 1.45 
to 1.5) to three volumes of strong sulfuric acid (density 1.86)» 
became the basis for the commercial manufacture of guncotton for 
exclosives. 

It is possible to pr .pare cellulose nitrate of various degrees 
of substitution depending upon the conditions of nitration, "’he 
completely substituted oroduct is cellulose trinitrate, which has 
a nitrogen content of 14.14 per cent. The theoretical equation 
for the reaction 1st 

C 6 H 7 0 2 (0H) 3 ♦ *W0 5 s C 6 H 7 Q 2 (0r02)j ♦ Wf© 

Technically, the reaction is an esterification rather then a 
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nitration, but the latter terra is core cocjconly ueeb. 

Although nitrocellulose <*.as initially used only as a oilitary 
explosive, products of lower nitration have sine® become oxtreseely 
iiBportant in the plastics and lacquer industries, the applica¬ 
tions of the various classes of nitrocellulose:* and their corres- 


ponding' nitrogen content a 

.r., 86 

Mtrogen Content, 
ler Cent 

Field of Application 

10.? - 11.2 

Celluloid plasties, lacquers 

11.2 - 11.7 

Film, lacquers 

11.8 - 12.3 

Film, lacquer®, rayon, coated 

fabrics, cements 

12.6 - 13.6 

Smokeless powder 


It is the purpose of this paper to consider the various 
factor* ahich control the degree of nitration of cellulose when 
ndxeo acid is used as the nitrating agent. 
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?Oto ItAtbiu* OP Inn KaACilvh 

The chemical substitution which takes piece when cellulose is 
nitrated with mixed acid is effected with littl® alteration In the 
physical appearance or fiber structure of the cellulose. The 
fiber# appear merely to becoroe soeerhat harder and Tier© brittle? 
with cotton, the convoluted fibers bcccme untwisted• 

Although the precise manner in which the substitution takes 
place in cellulose fibers ic not known, two general concepts have 
been proposed to explain the reaction. According to the first of 
these concepts, the cellulose micelles are penetrated by the nitra- 
tior reagent and the reaction proceeds pregressively from the ex¬ 
terior to the interior of the micelles in a heterogeneous fashion. 
In other words, tne molecules encountered first arc nitrated 
ccsr.pletely to the trinitrate, while other and more inaccessible 
molecules reruain unchanged, Th© supporters of this theory contend 
that cellulose nitrate containing less nitrogen than tne trinitrate 
is a mixture of cellulose trinitrate and unchanged cellulose. The 
second, and more generally accepted concept proposes teat too 
nitration reagent penetrates uniformly into ell parts of tne coilu- 
lofio fiber and that the entire fiber is nitrated homogeneously at 
aoprcxiwately the same time, 

X-Ray examine tier, s of eelluloe© of various degree® of sub¬ 
stitution have presided some clue as to the structure of cellules© 
nitrate and the nature of the nitration reaction, although the 
inter^rotations of tne X-ray patterns and the ecnclueions arrived 
at by various investigators are not in agreement. 















— 1 ^ S' 2 

S, 0. Eerzcg, 5, vcn Karay-Szabo, and G, vers cueioh ' U ccncluded, 

after examining the structure of different specimen of nitro¬ 
cellulose, that sll nitrocellulose* below the trinitrate are 
mixtures of cellulose trinitrate and unchanged cellulose. Aesong 
ethers who have investigated the X-ray patterns of nitrocellulose* 
cf various compositions era F, D, biles and J. Craik 2 - 1 -, 

• A. Sieson^“, kathieu^, and fc, J, Lorand* 7 . 

21 

r. G. Files and J, Craik observed that th® X-ray pattern 
of oellxilose does not change until a nitrogen content cf 7,F> per 
cent has been reached. At this point the crystalline pattern dis¬ 
appears, and an aiaorphcus pattern persists until a nitrogen content 
cf 10.3 per cent is reached, h crystalline pattern approaching 
tnat of cellulose trinitrate is not observed until the nitrogen 

19 

content reaches 12,E per cent, bark end Files, Craik and ~el- 
^1 £2 

bourn^ ,c attribute the appearance of th© amorphous diarram. to a 
noc-unifero distribution of ester groups, which prevents the do- 
velopjrcnt of a crystalline lattice structure. Files and Craik &A 
state that in the first stage of nitration, up to about 7,f> per 
cent nitrogen content, only the diffractions of almost completely 
mercerised cellulose are observed, ar.d suggest that substitution 
has taken place only on the "inner surface" of the fiber®, wnile 
the interior of ^he micelles remain unaffected. They expressed the 
belief that, a® nitration proceeds beyond the initial stare, the 
micellar arrangement bresfcs dorm and the nitrate groups bccose so 
distributed among the chain molecules that there is little likeli¬ 
hood that any one molecule becomes eoir,pletely nitrated to the 
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trinitrate while others retrain unchanged. 

Hess and Trcgus^, who have fcoer. the chief supporters of the 
heterogeneous micellar theory, olaic that the amorphous diagram 
is the result of the conversion of cellulose into its hydrate form 
which takes place under the swelling influence of the strong acid. 
They contend that the amorphous diagram represents a raixtxire of 
unsubstituted cellulose with the trinitrates of both cellules*# and 
cellulose hydrates. 

According to the explanation advanced by A. A. Sisson^*', the 
reagent penetrates the fiber, attacking first the surface of the 
micelle, whioh is changed into the tri-derivativej then proceeds 
inward to produce, between the unreacted interior and the completely 
reacted surface, a partially reacted area in whioh only two 
hydroxyl groups have been replaced by nitrate groups. This 
partially reacted area ic responsible for the amorphous X-rnv 
diagram produced. 

17 

B, J, Lorand states that there is evidence to support the 
view that all cellulose nitrations do not follow a siiaglo pattern, 
ard that the type of reaction depends upon the nature of the 
nitration reagents used ar.d their concentrations, the temperature, 
and other conditions, it is probable, according to Lcrand, that 
the perrautold or quasi-horcgenoouR, the micellar hetorefeneous, 
and other types of proposed reactions may apply, depending upon the 
circumstances. 

The failure to find any appreciable amount of unchanged 
cellulose or any evidence of the presence of completely substituted 
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21 

cellulose trinitrate in nitrocellulose ssuaplee has resulted in 
considerable opposition to the micellar heterogeneous theory* 
luirfroua samples of nitrocellulose! have been fractionatedj none of 
the fractions have varied *oro than 0.3 per oent in nitrogen con¬ 
tent • 

Additional evidence, based upon measurements of atcnostolacular 
films of nitrocellulose spread on a two-normal sodium hydroxide 
solution* has been introduced by £’. D. ailes to discredit the 
micellar heterogeneous theory. Hies contends that in order fer 
the nitrocellulose structure tc exi6t, as supposed by ..ess and 
Trogus, either the micelle must solvate or disperse as such, in 
which case he claims that it is Impossible to account for the 
spreading of the single molecule; or, the cellulose trinitrate 
must separate fron the unchanged cellulose* If the latter were 
true, * lies points cut, only the colluloao trinitrate would spread 
ard the resulting film area v*ould be less than that actually found* 

fcer.y investigators^!*^, JJ5 havo produced evidence that 
cellulose nitration is a reversible reaction and Involves the 
usual principles of estorification. That is, wnen molecular 
quantities of nitric acio and cellulose react, an ester is formed 
and water is split out* Since th® reverse reaction takes place at 
the saw® timo, an equilibrium is sot up between the cellulose, 
acid, water and ester* The reaction approaches coir, lotion when ar. 
excess of the nitric acid is taken and sulfuric acid is used tc 
combine with the wator forred. The oxictenco of equilibria, has been 
observed over a wide range of substitution, erd it has been shown 
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that the final nitrcnen content of the product is determined by 
the final ccnposition of the nitrating bath. 
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The proportion of water present in the tpixod aoiti used for 

nitration is directly related to the decree of substitution of the 

resulting product, The affect of the variation of the -eater 

content of the nitrating mixture upon the nitrogen content of the 

nitrocellulose prepared was firefc investigated systematically by 
18 

Lung© and Bebie , By maintaining the ratio of sulfuric acid to 
nitrio acid constant, they nitrated medical cotton with acid 
mixtures of increasing water content. Equal weights of nitric 
acid (94,09 per cent) and sulfuric acid (92.10 per cent) were used. 
The temperature during the reaction was kept at 16° to 18°C,, and 
the duration of the reaction was twenty-four hours in each ease. 
Thoir results arc: 

Effect of Eater Content of kixed Acid op the 
Degree of Kitration cf Cellulose^ 

Composition of kixed Acid Hitrogen in 



h ? $o 4 . 

ENG*, 

h e o. 

Hitrccellulose, 

Yield, 

Ur- 


Per Cent 

Per Cent 

Per Cent 

Per Cent 

l 

45.31 

49.07 

5.62 

13.65 

177.6 

2 

42.61 

40.01 

11.38 

13.21 

176.2 

5 

41.03 

44.45 

14.52 

12.76 

- 

4 

40.66 

43.85 

16.49 

12.56 

167.0 

5 

40.14 

43.26 

16.61 

12.31 

159.0 

6 

39.45 

42.73 

17.82 

12.05 

163.0 

7 

38.96 

42.15 

16.80 

11.59 

156.6 

6 

38.43 

41.31 

20.26 

10,93 

144.2 

9 

37.20 

40.30 

22.50 

9.76 

146.0 

10 

36.72 

39.78 

23.50 

9.31 

130.9 

11 

36.87 

38.83 

25.50 

8.40 

131.2 

12 

34.41 

37.17 

28.42 

6.50 

~ 


fcy plotting the amount of water added against the percentage 
of nitrogen in the produet, the effect of increasing the water 
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~The dffect of the [/Voter Content 


of Afixed Acid on the Degree 
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content is readily seen (Fig. l)« As the mixed acid become© mere 
dilute, the decree of substitution cecrea&es slowly up to a water 
content of about 16 per cent and more rapidly thereafter. 

The results of this work by Lung© and I3ebie have been corrob¬ 
orated, in general, by several Bore recent investigators, including 
von L’ol tens tern ?. Dccsougin^, and Shiercann and Huftce^. 

The latter two investigators observed that, if the %ater content in 
the mixed acid is reduced below a certain asiriiirum value, the 
nitrogen content in the resulting product is lowered. They found 
that: a nitration mixture containing 22.6 per cent nitric acid, 

76,6 per cent sulfuric acid, and only 0,82 per cent water yielded a 
lower percentage of nitrogen in the product than when the water 
content was increased to 3,7 per cent, at which point they observed 
a aaaxlnum degree cf substitution. They also obtained more constant 
pereertagea of nitrogen for water contents from about 5,6 per cent 
to 13,b per cent than did Lunge and Bebie. Above 13.& per cent 
water, however, their results followed those of Lunge and Lebie 
closely. 

As shown by the experiments of behieaann ar.d l iihne , there is 
a lower li. n> it for the water content in the? acid ciixture for optimum 
nitration. If the mixed acid contains insufficient water, the 
cellulose is net copplotoly nitrated. "he resulting nitrocellulose 
is incompletely soluble in acetone, fine unnitrated fibers remain¬ 
ing undissolved. Sehie»ann and f/ubne^ explain this phenomenon by 
assuming that the extensive swelling of the fiber surfaces caused 
by the concentrated mixed acids prevents the penetration of the acid 
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XI 


into the deeper layers of the fiber. According to' ik.mil Lueser^, * 
more plausible explanation ie that a certain sdnimum water content 
is necessary to cause that degree of swelling which is required to 
enable the mixed acid to penetrate into the interior of the 

micollar system. 

Above 13.5 per cent water, the rate of fall in nitrogen 
content increases steadily up to about 20 per cent water. At this 
point the rate of fall becomes almost constant, but continues to 
change ir-ore slowly. The rate of change in trvis region, computed 
from the data of Lunge and Bebie, is about 0.8 per cent drop in 
nitrogen content of the nitrocellulose for each increment of ere 
per cent of water in the mixed acid. The nitrogen content at 25 
per cent water is only about 8.3 par cent. As the mixed acid 
reaches this degree of dilution, it exerts a considerable hydrolys¬ 
ing effect upon the cellulose. The detrimental effect of this 
hydrolysing action is manifest in the increasing brittleness and 
harshness of the nitrocellulose produced. Moreover, at these high 
water contents the cellulose dissolves in the acid to a consider¬ 


able extent 
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THE IS FLUES CE OF SULtUHIC ACID I b Ttih LimtlOli ACID 


The Effect of the Mixed Acid Composition Upon the Attainment of 
Maximum Nitration 

The influence of rulfurie aeid upon the extent of nitration of 

18 

cellulose was investigated by P. Vielle as early as 1663* He 

observed that the degree of substitution is increased by the addi- 

18 

tion of sulfuric acid to dilute nitric acid. Lunge and ooworkere 

undertook a aeries of investigations to determine the effect of 

aulfurio acid upon the degree and rate of substitution. In their 

first greup of experiments, they attempted to get a product -with 

the theoretical 14.14 per cent nitrogen content, using various 

mixed acid and water compositions. Their products, as shown below, 

ranged from 13.SI per cent to 13.92 per cent nitrogen content. 

Effoet of Mixed Acid Composition on the 
Attainment of Maximum Nitration of Cellulose*® 

Composition of Mixed Acid Nitrogen in 

H 2 S0 4 , HKOg, HgO Nitrocellulose, 

No. Per Cent Per Cent Per Cent Per Cent 


1 

60.00 

27.43 

12.57 

13.62 

2 

62.10 

25.79 

12.11 

13.70 

3 

62.95 

24.95 

12.10 

13.83 

4 

63.72 

25.31 

10.97 

13.75 

6 

64.56 

24.65 

10.79 

13.71 

6 

68.02 

25.26 

5.70 

13.76 

7 

64.65 

26.55 

6.88 

13.72 

6 

63.55 

25.51 

11.34 

13.92 

9 

75.35 

£2.80 

1.87 

15.63 

10 

74.16 

22.12 

3.72 

13.51 

11 

72,97 

21.63 

5.40 

13.57 

12 

69.90 

20.45 

9.65 

13.64 

13 

66.31 

20.49 

11.20 

13.61 

14 

67*43 

19,37 

13.20 

13.26 

15 

67.32 

32.53 

0.15 

13.62 

16 

65.41 

31.34 

3.26 

13.67 

17 

63.75 

so.eo 

5.45 

13.63 

18 

70.88 

29,31 

10.01 

13.68 
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The Lffect of Varying the Proportion of Sulfuric Acid to Mtrie Acid 

18 

Lunre sad veintreub studied the effect of varying the propor¬ 
tion of sulfuric acid to ritric acid upon the degree end rat© of 
nitration. They nitrated two and ono-half grare of cotton with 
thirty grass of nitric acid (density 1.52) and varying quantities of 
sulfurio acid at a temperature of about 19° to 20 c C. Their data are; 

Influence of Varying the xroportion of Sulfuric 
Aoid to Nitric Aciri*^ 


Parts H 2 SQ 4 
to 1 part Kip-? 

After one-half hour 

After twenty- 

feur hours 

Nitrogen in 
Nitrocellulose, 
Per Cent 

Yield, 
Per Cent 

Nitrogen in 
Nitrocellulose 
Per Cent 

, Yield, 
For Cent 

0 

12.58 

162.75 

12.62 

163.32 

0.1 

- 


12.66 

165.02 

0.25 

13.45 

176.69 

13.44 

175.77 

0.50 


— 

13.42 

175.22 

1.0 

13.38 

174.66 

13,39 

174.75 

2.0 

13.23 

174.14 

13.32 

175.98 

5.0 

12.72 

166.14 

13,40 

176.44 

4 ,0 

mm 

mm 

13.20 

175.12 

5.0 

8.14 

130.86 

13.10 

166.60 


After three 

days 

After fifteen davs 

6.0 

12.63 

162.40 

12.74 

169.60 

7.0 

10.66 

161.60 

- 

- 


After eight 

days 

After thirty days 

6.0 

10.86 

144.62 

11.70 

152.0 

9.0 

7.74 

120.11 ( 

three days) 


10.0 

5 * 43 

65.0 




As the ratio of sulfuric acid to nitric acid is increased, the 
rate of nitration droos rapidly. «it'n less than one part of sul¬ 
furic acid to cne part of nitric acid, the final stare of nitration 
is reached in one-half hour. ith the acids in the ratio of three 
to cne, at the end of the first half hour the nitrogen content is 
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12.72 per cent, the final content being 13.40 per cent, .-hen a ratio 
of eight parts sulfuric acid to one part nitric acid is used, the 
final stage of nitration is not reached after eight days, and only 
after thirty days it it equal to 11.70 per cent nitrogen. 

The caxitsusj nitration if. obtained with rat Ice of sulfuric acid 
to nitric acid between or.e-fourth to one and three to one. 1th 
ratios above eight to one, the product always contains ao!ce un¬ 
changed cellulose. The excess sulfuric acid also affects the fiber 
structure. Instead of retaining its original structure on drying, 
it falls into a finely fibrous powder. 

The bffecfc of Varying the Proportion of Sulfuric Acid, aintaining 
a Corstant natio of Mtric Acid tc >.&ter 

Lunge and Eebie^ nitrated celluloso, maintaining the propor¬ 
tion of nitric acid to that of pater constant and varying the 
quantity of sulfuric acid. Twenty-five parte by weight of nitric 
acid end fourteen parts water to one part of cotton wore used. The 
dots ares 

Effect of ?»itrati»£ Cellxilcao with a Constant Proportion 
of Nitric Acid to fcater and Variable quantities of 

Sul furlc ftcld^ 

Composition of 'ixed Acid Nitrogen In 


Fq, 

mi m wF 

Per Cent 

k 2 o. 

Per Cent 

Nitrocellulose, 
Per Cent 

Yield, 
Per Cent 

1 

38.47 

40.18 

21.34 

10.32 

142 

2 

40.83 

38.72 

20.45 

10.76 

151 

3 

42.92 

37.40 

16.68 

11.02 

153 

4 

48.03 

34.18 

17.79 

12.25 

155 

6 

4S.37 

33.38 

17.2b 

12.77 

166 

6 

60.71 

32.60 

16.78 

13.02 

165 

7 

62.81 

31.27 

1£*92 

13.11 

U7 

e 

64.92 

30.06 

16.02 

13.45 

173 
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Lung© and Bebi© concluded that th© presence cf sulfuric acid 
favors, or, by way of activation, furthers the introduction of 
nitrate groups into the oollulose molecule when nitrating cellulose 
with a sulfuric acid, nitric acid and water mixture. 

Cross, Borin, and Jenks^, and Robertson'^ suggest that the 
sulfuric acid participates in the process of esterification, and 
that sulfuric acid esters form first and the sulfuric acid radicals 
cf the cellulose are replaced by nitrate groups. During the first 
few Bomonts cf nitration with mixed ecids, the sulfuric-add 
content cf the product is rather high, but it drops rapidly as 
nitration proceeds. It has been found by analysis^ that some sul¬ 
furic acid is still present in the ester form in the final produot. 
This combined sulfuric acid is extremely objeotlonablo, sinoo it 
tends to cause subsequent decomposition of the nitrocellulose. 

Th© Effect cf Sulfuric Acid T 0pon the Kitric Acid Vapor Pressure, 
and its Relation to the titrating Capacity of th© S»ixed Acid 

The influence of sulfuric acid upon tho nitrating capacity of 

O » 

mixed acid was further investigated by Saposchnikow 4 '' who observed 
a relationship between the nitric acid vapor pressure of various 
mixed acid concentretiens and the nitrogen content of the nitro¬ 
cellulose produced by them. He notec the change in vapor orossure 
and concentration of nitric acid as sulfuric acid was added. Unon 
aedinjr too sulfuric acid, the vapor pressure of tho nitric acid 
rose until a certain concentration was reacned. Then it diminished 
as more eulfurlc acid was supplied. Sapcsohnikow observed that tho 
mixed acid concentration which exerted a maximum nitric acid vapor 
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pressure was approximately the same concentration which produced 
pitrocellulose with the highest nitrogen content* 

According to Sapoechnikoar, as the sulfuric acid 5e added 
initially, it deprives the nitrio acid, which is present in the 
form of its hydrate, of it* water content and forms hydrates of 
varying composition. As the vr»ter is taken up by the sulfuric 
acid, the concentration of free nitric acid increases and, con¬ 
sequently, its vapor pressure rises. The maximum vapor pressure 
is exerted when just enough sulfuric acid has been added to cau*« 
all of the nitric acid to exist as HTO-*. Further addition of sul- 
furic acid results in the gradual dehydration of the nitric acid to 
the anhydride, HgOg, has very «ea 11 vapor pressure. As the 

dehydration of the nitric acid to the anhydride proceeds, the 
effectiveness of the acid mixture as a nitrating agent diminishes. 

Upon the addition of water, the above transition* proceed in 
the reverse order; the excess water reduces the effect of the sul¬ 
furic acid so that the nitric acid anhydride is reconverted into 
tibQ-r, which, in turn, is reconverted into its hvdrate. 

Berl and Saenger^ have confirmed oapeschnlkow** results, but 
they suggest that nitrio anhydride forms an addition compound with 
nitric acid, ^OkUiAOj^g. They believe that this audition compound, 
rather than the anhydride itself, is responsible for the lowering 
of the nitric acid vapor pressure *snd, hence, in the concentration 
of the free nitric acic when the amount of sulfuric acid is 
increased beyond a point corresponding to the nvaxlwuri nitrio acid 
vapor pressure. The existence of sulfuric acid in the fora of it* 
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Donchydrcte, RgbO^iigO, when the nitric acic vapor pressure reaches 
its MMuciir.ua value, has been confirmed by measurements of the heat 
of reaction evolved from nitric acid, sulfuric acid and water 
systems. 

The relation ship between the vapor pressure exerted by the 
nixed acid and the nitrogen content of the nitrocellulose produced 
is shoxn in the accompanying graph (Fig, 2), According to 
S&pcschnikew, raximuia nitration occurs when all of tne nitric acid 
exists as KUO** ar.d the minimum degree of substitution results when 
all of the nitric acid exists as the hydrate, IihO-»ftgO t corres¬ 
ponding to tho maximum and minimum nitric acid vapor pressures, 
respectively. On the bc.sis of his experiments, Sapoechnikow con¬ 
cluded that the meet suitable mixture for yielding the maximum 
degree of nitration should have the following composition; 

24.2S# HKO 3 
65,£Q£ Hg-SC* 

9.91% E 2 0 

This does not differ appreciably from the mixed acid composi¬ 
tion used by Lunge and Bebie (page 12) in obtaining their maxi¬ 
mum degree of nitration cf 15,92 per cent nitrogen. 

The Correlation of the extent of filtration and the Spent acid 
Composition 

ernst Berl, L. ‘t. Andress, and L, scales 1 ' have correlated 
the nitrogen content of nitrocellulose with the compositions of 
spent nitrating acids (Fig, 3). They contend that nitration is an 
equilibrium reaction and that the final nitrogen ccrtent depends 


upon the coreposition of the spent acid in contact with the nitro- 
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cellulose, rather then upon the initial mixed acid composition. 
r.rnst !>«rl and coworkeralso confirmed and extended dapccchni- 
kew’s work. On the triangular diagram correlating fche nitrogen 
content of nitrocellulose and spent acid composition, the broken 
line ''JSi" joins tho points corresponding to compositions which 
exert maximum nitrio acid vapor pressures. Deri and ooworkors 
point cut that cn approaching this line the nitrogen contest in¬ 
creases with a decrease in water content, and that the maximum 
nitration is attained vith a spent acid whoso composition lisa on 
this line* This composition corresponds to: 

6 C.0£ H 2 S0 4 (40 mol ,*) 

21.8% iiKOj (20 mol X) 

12.2?l U 2 0 (40 mol $) 

This ic equivalent to a ratio of 1 HKOg to 2 (H 2 SO 4 * HgO), 
representing the case in which all of the water is combined with 
the eulfurio acid and oil of the nitric acid ic available for 
nitration. 

arret Berl and coworkershave critically analysed the 


nitration data of a great number of previous investigators and 
found excellent confirmation cf Saposchnikov*s and their own work. 






tnk, IfFLU«i.Ci OF Thr, KATlO 0> .lAAb ACID TO U.W-ULO*.- 

A certain minimum quantity of nixed acid is required to 
penetrate and nitrate a given quantity of cellulose uniformly. 

The physical structure of the cellulose haa sew© effect upon the 
ease with which it is penetrated by the acid, honoe, it affects 
somewhat the choice of the ratio of acid to cellulose. For ex¬ 
ample, paper ie penetrated ar.re easily than lcos© cotton, which 
tends to lump together and thus to impede unifora diffusion of the 
eeid^. 

Although cotton if the purest form in which cellules© occur© 
in nature and has been the chief source of cellulose for fcn* manu¬ 
facture of nitrocellulose, other cellulosic isaterial* have bean 
used c ^. A mixture of equal parts of wood pulp and cotton 1inters®^, 
or wood pulp alone, when properly prepared and purified*^, arc 
suitable for nitration. 

For eaoh molecule of nitric acid enterir.p the cellulose etiain, 
one molecule of water of reection is produced. Unless this water 
is removed, it dilutee the nitric acid and decrees** Its power of 
nitration. If tne ratio of tn« acid -ixture to cellulose is large, 
the influence of the water of reaction is oi dnished. 

oven when the ratio of mixed acid to cellulose is as hirh as 
twenty-five to one, the effects of non-unifona penetration and the 
influence of the water of reaction are still arparent. At a ratio 
of forty to one, these effects diminish appreciably, and iney 
praotieally disa .'ear at ratios fro*'* fifty to one to eighty to one. 

A ratio of forty parts mixed acid to one part cellulose re resents 
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an ercees of ten to twelve times store tnon is theoretically 
required to produce nitrocellulose with a nitrogen content of 11.0 
to 11.5 per cent. 

Lung* and fiebie^, using a ratio of mixed acid to cellulose of 
twelve to one, found that by raising the ratio of sulfuric acid to 
nitric acid from one to one to a ratio of three to one, the nitrogen 
content is increased 0.3 per cent. Under sinilar conditions, but 
using a mixed acid to cellulose ratio of thirty to one, the rise in 
nitrogen content is 0.C3 per cent. This represents a difference of 
0.53 per cent increase in nitrogen content caused by the larger 
ratio of mixed acid to cellulose. 
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tJfi IBJ'LUENCJS OF TafcPfcRATUki;, ?!&*, AR1> AGITATION 

The Effect of Temperature end Re action Tim* Upon the Degree of 
Substitution 

The temperature at which the reaction ie effected influencea 
both the reaction rate and the degree of substitution* As in the 
case of Dost chemical reactions, a rise in temperature tends to in¬ 
crease the reaction rate and the extent of nitration, up to a 
certain point. Lunge and ccworkere' 1 ® hare investigated the rela¬ 
tionship between the temperature, the duration of the reaction, and 
the degree of substitution* Their results aret 

Effect of Temperature and Reaction Time 
on the Nitration of Cellulose 18 

Nitrogen in 

Temperature, Time, Nitrocellulose, 


Yield Yield (Cal- 

(Actual), culated). 


0 

0.5 

10.71 

162.3 

163 

0 

7 

13.19 

173.3 

174 

10 

7 

13.37 

176,8 

176 

15 

7 

13.38 

176.6 

176 

19 

0*6 

12.72 

166.1 

170 

19 

7 

13.39 

175.6 

176 

40 

0*6 

13.07 

172.3 

173 

40 

7 

13.06 

169.6 

173 

60 

0.6 

13.08 

169.2 

173 

60 

4*5 

13.07 

162.1 

173 

ec 

0.26 

13.07 

161.2 

173 

eo 

0.6 

13.12 

126.2 

173 

80 

3 

13.12 

61.6 

173 

The nitrations wore 

effeeted with a three-tc-one 

mixture of 

sulfuric 

acid and nitric 

acid. The yields 

were based 

on the weight 

of cellulose employed; that is, the percentage yield 

is the weight 


of nitrocellulose obtained from one hundred parts of oellulose. 


The velocity of the reaction incr 


rapidly with a rise in 





. 




- 

' 

1 * •• • - n • . 

‘ - . . 

‘ ' ‘ * * * 1 ' • - 

. 4 • * 

' 

•• • 

m *j v 




* * 

•. 


-!<. ’ .iS. *ir 

,(:*• iu- 


lAM& 



, 


* 

yr 


*•1 

, • 



B«t t : 


u 

m ’ 





j' . 


jr.n 




<*n 

*«• »I 


crt 

• • * 



- 9 * 



. * 





*!/ 


*» # i 

tti 




♦ / - - 


~ 1 

—' «-• t|U| 


hv»< mi /: 

• v 

,• 1 


l* 






j 

tfl 




•I ■> *4 


»4k4ifU«| V* **«j\ i■ „ mmA . ( 

*"• l 9 ^ #• *|*(| « i f 


.... ‘y 

( Wi« * » 

• . *v r ? 

• 








24 


temperature. At 0°C., maximum nitration la act reached at the end 
of seven hours, while at 40°C., the nitrogen content reaches its 
higheat value at the and of one-half hour and, at 80°C., it ia 
nearly at a maximum value at the end of fifteen minutes. The 
nitrogen oontent of the produot drops a little when the temperature 
of the reaction ia raised from 18°C, to 40°C # , but it remains about 
the same as the nitration temperature is further increased. 

The use of reaotion temperatures higher than 40°C., while 
having a favorable effect upon the velocity of the nitration, 
results in a smaller yield of nitrocellulose. At high temperatures, 
the acid mixture net only ecterifies but also exerts oxidising and 
hydrolysing tffeots upon cellulose. These side reactions, in 
addition to lowering the yield of nitrocellulose, give rise to un- 
desirable degradation products. Lunge and Bebie also observed 
thst nitration at a higher temperature causes a change in the 
etruoture of cellulose. As the temperature of nitration is in¬ 
creased, the fibers become shorter and more fragile and, at 60° to 
80°C., a finely fibrous powder is obtained. 

Lunge and Bobie^ pointed out that if the proportion of sul¬ 
furic aoid to nitrie acid is greater than three to one, the drop 
in yield on raising the reaction temperature is even more strongly 
pronounced. Kith a ratio of eleven to one, an increase of a few 
degrees in the reaotion temperature has the same effect as a 
twenty-or thirty-degree increcent with an acid in the proportion 
of three to one. 

For eaoh reaction temperature there ia a corresponding optimum 
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tin* of reaction. At ordinary temperature®, the margin is rather 
wide, but at higher temperatures, the nitrogen content rises st 
first end, upon longer action, decreases again. Thus, at a tempera¬ 
ture of 32 e C., using an acid mixture oontainlng three part* eul- 

IS 

furie acid to one part nitric aoid. Lunge and Sebie measured 

the following nitrogen oontents after the tine intervale indicated» 

Nitrogen Content 
Time of Reaction, of Nitrocellulose, 

Minute a _ Per Cent 


5 

15.27 

16 

15.44 

30 

15.47 

60 

15.60 

120 

15,40 


In this case, the opticus* time of reaction is one hour. 

The Sate of Nitration of Ramie 

The rete of substitution for bleached and unbleached ramie was 

16 

determined by Sakurada . He performed the nitrations with an acid 
mixture of one to luxe of nitric acid (density 1.52) to two volumes 
of sulfuric acid (density 1.84) at a temperature of 0°C. 

Rate of Nitration of Bleached and Unbleached Ramie Fiber^ 


Bleached Ramie Unbiaaohed Rsmia 


Time, 

SiO# 

Nitrogen 
Per Cent 

Nitrate Groups 
Per Unit 

C *A 

Time, 

Sec. 

Nitrogen 
Per Cent 

Nitrate Groups 
Per Unit 

c a a iQ°5 

«*> 

«• 

mm 

15 

1.53 

0.20 

46 

3.18 

0.42 

46 

2.11 

0.27 

60 

5.81 

0.62 

SO 

2.71 

0.55 

300 

6.63 

0.78 

500 

4.65 

0.61 

600 

7.67 

1,16 

596 

6.86 

0.82 

1,800 

11.07 

2.00 

1,600 

6.05 

1.46 

5,600 

12.66 

2,48 

5,800 

11.82 

2.20 

18,000 

15.85 

2.89 

18,000 

13.80 

2.87 
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The Initial rato of substitution of nitrata groups in the 
cellulose molecule was rather rapid. Kith bleached ramie, the 
nitrogen content at the end cf forty-fire seconds was $.18 per cent; 
after ten oinutes, it rose to 7.67 per cent. As the reaction con¬ 
tinued, however, the rate of substitution dropped; the laaximum 
degree of substitution was not reached until after five hours. 

The Hate of nitration of Cotton Lintera and Wood Pulp 

a o 

dchiecann and Kufene 1 investigated rate* of nitration of cotton 
lintere end wood pulp. For cotton linters a mixed acid composition 
of 42,68 per cent nitric acid, 63,72 per cent sulfuric acid, and 
3,72 per cent water was used; for the wood pulp, the composition 
of the mixed aoid was 43,38 per cent nitric aoid, 53,41 per oont 
sulfuric acid, and 3,21 per cent water. A cellulose to nixed acid 
ratio of one to eighty was used and the temperature of reaction in 
the oaee of cotton lintere was 17°C. and for wood pulp 16°C. 

Hate of Hitraticn of Cotton Linters and hood Pulp* 6 


Tire of Nitration 

Nitrogen Content, Per Cent 
Cotton Linters Wood Pulo 

1,0 minutes 

12.21 


5.5 * 

15.24 

12.47 

10.5 * 

15.49 

13.39 

15.0 " 

- 

13.39 

16.6 " 

15.68 

13.62 

30.0 " 

mm 

13.69 

32,0 * 

13.62 


1,0 hours 

13.61 

13.61 

2,0 * 

15.58 

15.62 

3.0 " 

15.62 

v» 

4.0 

15.59 

13.61 

5,0 

15.61 

- 

6.0 * 

. 

13.62 


^ith cotton linters, substitution to 12,21 per cent nitrogen 
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was reached after only one minute. Almost the Maximum degree of 
nitration was attained after five and one-half minutes in the case 
of the cotton linters and after ten and one-half minutes in the 
ease of the wood pulp. 

Although the results of ShieKtnn and Kuhne are not quite 
comparable to those obtained by Sakurada with rouie, the more rapid 
rate of nitration of the cotton linters end wood pulp was probably 
due primarily to the higher temperature employed. 

The Effect of Agitation 

Agitation tends to increase the rate and uniformity of nitra¬ 
tion. Agitation has the effect of rendering all of the surfaoe of 
the cellulose accessible to the acid mixture eo that penetration 
and reaction can proceed quickly and uniformly. J. 0. Small and 
C. A. liiggins^ state that, under identical conditions, there is 
& difference of nearly 0.2 per cent in nitrogen content between 
material that is thoroughly agitated during nitration and ca-terial 
that receives no agitation. 
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Tut; iAXIAUD DEGREE OF KIThATIOfc OF CiLMJLGKfc ATTA1KEL 

Factor* Limiting the Degree of Sitrafciou ^ith Uixed Acid 

Nitrocellulose containing 24.14 per cent nitrogen, corres¬ 
ponding to cellulose trinitrate, ha* never been prepared by 
nitrating cellulose with a mixture of sulfurio acid end nitric acid. 
The nearest approach to this theoretical maximum value was reported 
by C. 6. Hake and 1*. Bell^, who prepared nitrooalluiose containing 
IS.96 per cent nitrogen with a nixed-aoid ratio of three parts sul¬ 
furic acid to one part nitric acid. 

Th© failure to attain the theoretical degree of substitution 
corresponding to the trinitrate hat been attributed to the raver- 
sibillty of the nitration reaction and tc the tordency of sulfurio 
r.cid to enter into the reaction to form cetera in competition with 
tha nitric aoid. The existence of equilibria haa been demonstrated 
by Berl and coworkcre^**®, who showed that equilibrium can be 
approached from cither direction and that th& nitrogen ccntent of 
nitrocellulose ia determined by the final aoid composition in con¬ 
tact with the nitrocellulose. 

k»ry investigetert have observed t/>at cr.« of the sulfuric 
acid in the nitrating mixture participate*: in the esterification, 
with the resulting fcreation cf a mixture of sulfuric erd nitric 
estero^*^*^®. R. Robertson^® suggested that the formation of sul¬ 
furic acid eater* oooura first and that, subsequently, the rcplaoa- 
nent of the sulphate radioals by nitrate groups takes place. 

Another explanation for tho failure to reach complete nitration 

9 

with mixed acid has been proposed by R. C. Farmer . 
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that the eaterifie&tico with nitric acid occurs cost roauily through 
its "pseudo” form, OgE^Oli, ar.d explained that, in the mixed acid 
cct centration required for the maximum nitration of cellulose, the 
i itrati»g notion i6 hindered by the formation of nitroniusn eulfate, 
(I0)^r(60^H)g, and that this partial removal of the pecudc nitric 
arid prevent® the formation of cellulose trinitrate. 

l.&jrimuas Degree of Titration Attained by Various Investigator® 

lecserou* other nitrating agent® have been used for the x;itra- 
ticn of cellules®, but non* have approached the coanercial impor¬ 
tance of the sulfurio acid, nitric acid, and water mixture. 

Cellules© trinitrate, containing Id.14 per cent nitrogen, hae been 
prepared by the uee of a mixture of nitric acid, acetic aoid, and 
acetic anhydride 4 . The highest nitrogen contents obtained by 
various investigators and the compositions cf the nitrating agents 
employed are: 


Kaxiaur. Degree of Kitraticn of Cellulose 
Attained by Various Investigators* 4 


l7ive»ti«ra' , -or 

Compoaition of 
> it rat inf. Agent 

Tempera¬ 
ture “C, 

Tirr.e, 

Hours 

Per Cent 
Kitrogen 
Obtained 

J. i.Sdn* 

5 vol. HbO* (d 1.6) 

1 vol, (d 1.845) 

10 

24 

IS.74-15.91 

F.Vielle 

HH0 3 (d 1.502) 

11 

- 

IS. 4 

L .Vifpion 

ShSQ* (d 1.6 )i1H s S0 4 

(a 1.04) * * 

-5 

2*1 

IS .5 

O.^uttermann 

tot given 

- 

- 

IS.66 

G.Lifct e *ji* t, 
Welntraub 

lH?0 s :lF g O 8 

ie-20 

24 

lo.o7 
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Composition of 

Tempers- 

turn C, 

Ti*#, 

uvurs 

Per Cent 

Kitregen 

U.Luii\'« mntl v, 

Bsbi# 

2b*5i/v HE0*r, uv>» 3&/» 
E g S0 4 , 11.54* H 2 0 

16-20 

24 

15.92 

C .Roibswr** 

KpO r sad HSO^ 

16-20 

48 

14,0 

i.B#rl *nd R. 
hl*ye 

V 6 

M 

•* 

18,86 

V.qrJcc srd 
i 

lidrtOj * 

«■» 

m 

Xd«»6 

b.Beri *u«j •<• 
£siitii,Jr. 

i.Afivj (d i,4by t 3 

Ae<rtie *mhydri<5® t 

X AostSe mold 

16-20 

48 

13.70 

H.^slaxm, w.Ch4»o» 
lin, l>.l riessud' 

K^Oe dissolved in 

CCI4 

• 

6 

14.0 

R.Pairsct/’ 

1^2% current of 

oxygsn 

m 

e* 

14.12 

*» .iOUChOBOdt, ?• 
Cro»b« # *n£ 

0,1 ■•• 

Kitrio mold vapor 


«» 

Xo.D 

A.tcucboanet, i • 
Troabs, mad 
O.Potitpas 4 

60* eKG,, Z&, Icetie 

Anhydride, 26* Acetic 

Aoid 15 

5 

14.14 
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Nitrocellulose of various degrees of substitution can be 
prepared by the esterification of cellulose with ft mixture of sul¬ 
furic acid, nitric acid, and "aster. There is evidence that the 
reaction approaches equilibrium over a wide range of eubebituticn. 

The composition of the produet end the reaction rate depend upon 
the conditions of the nitration, which include, the composition of 
the mixed acid, the ratio of mixed acid to cellulose, the tempera¬ 
ture of the reaction, the duration of the reaction, and the agita¬ 
tion employed. 

"he effect of the proportion of water in the nitration acid is 
very pronounced. Insufficient water results in incomplete nitra¬ 
tion of the cellulose. On the other hand, if the water content 
exceeds about 13.6 per oent, the degree of substitution drops 
rapidly. The nrir.ary function of sulfuric acid in the nitration 
mixture is that of dehydration. Since it has 8 greater affinity 
for water then nitric acid, it forms hydrates, leaving the nitric 
acid free to react with the cellulose, h ratio cf sulfuric acid 
to nitric acid between one-fourth to one and three to one produces 
the highest degree of substitution. The theoretical optimum molar 
ratio of nitric acid, sulfuric aoid, and water in spent acid in 
contact with tho resulting nitrocellulose is liJSOjj jSI^SO^ s2i*.gO. 

A high ratio of mixed aoid to cellulose is conducive to a high 
degree of substitution* The influence of a large excess of nitrating 
aoid is twofold* it rerves to minimise the diluent effect of water 
produced by the reaction and it promotes more rapid and more uniform 
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penetration of the cellulose by tho acid. 

The temperature, time of reaction, and agitation erepioyod are 
aeirevbat interdependent. Agitation and a rise in temperature in¬ 
crease the velocity of reaction and the degree of substitution up 
to a certain point. Above 40°C., although the reaction rate 
continues to rise, the extent of nitration does not increase ac the 
temperature is further increased, snd the yield becotsen less. In 
addition, high terneratures promote the oxidation and hydrolysis of 
the ceiluloso by the acid, thereby lowering the yield and giving 
rise to undesirable degradation products. 

Kitrocellulos© containing tne theoretical ajaxiiBusn nitrogen 
content has never been prepared with a mixture of nitric acid and 
aulfurio acid. The reversibility of the reaction and the esterifi¬ 
cation action of the sulfuric acid account for the failure to 
attain the triritra 4- ©. 
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